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Field Calibration of Reference Reflectance Panels
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The measurement of radiation reflected from a surface must be accompanied by a near-simultaneous measurement
of radiation reflected from a reference panel in order to calculate a bidirectional reflectance factor for the surface.
Adequate calibration of the reference panel is necessary to assure valid reflectance-factor data. A procedure is
described by which a reference panel can be calibrated with the sun as the irradiance source, with the component due
to diffuse flux from the atmosphere subtracted from the total irradiance. Furthermore, the radiometer that is used for
field measurements is also used as the calibration instrument. The reference panels are compared with a pressed
polytetrafluoroethylene (halon) standard. The advantages of this procedure over conventional laboratory calibration
methods are, first, that the irradiance and viewing geometry is the same as is used in field measurements and, second,
that the needed equipment is available, or can be constructed, at most field research laboratories, including the press
necessary to prepare the halon standard. A disadvantage of the method is that cloud-free sky conditions are required
during the measurement period. The accuracy of the method is estimated to be 1%. Calibration results are given for

four reference panels.

Introduction

Remote sensing of the earth’s surface
consists of measuring the spectral radi-
ance reflected from the surface, followed
by the interpretation of the measured
data in terms of physical features of the
surface. The radiance received by a re-
mote sensor is a function of the continu-
ously varying incident solar irradiance,
atmospheric conditions, and the reflec-
tance properties of the surface. Because
of the time dependence of radiance data,
bidirectional reflectance factors are fre-
quently calculated to facilitate compari-
son of information concerning surface

features from multitemporal data.
- A bidirectional-reflectance factor can
be defined as the ratio of the flux re-
flected by a sample surface to that which
would be reflected into the same beam

geometry by a lossless, perfectly diffuse
(lambertian) surface that is identically
irradiated (Nicodemus et al., 1977;
Robinson and Biehl, 1979). Because a
perfect lambertian surface cannot be
achieved, panels used as reference reflec-
tance standards must be adequately
calibrated to account for their non-lam-
bertian properties (Robinson and Biehl,
1979; Kimes and Kirchner, 1982). By
calibration, the non-lambertian properties
of a reference panel can be embodied in a
bidirectional-reflectance factor specific to
the panel. With a calibrated panel, the
radiant flux from a perfectly diffuse
surface can be approximated.

Reference surfaces intended for field
use are generally constructed by coating
an aluminum panel with a highly reflect-
ing substance such as barium sulfate
(BaSO,) or polytetrafluoroethylene (fre-
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quently referred to as halon, TFE, or
PTFE) (Robinson and Biehl, 1979; Schutt
et al., 1981). Their construction requires
considerable skill and attention to detail.
Two panels constructed by the same per-
son at the same time may differ in their
reflectance properties. Furthermore, re-
flectance properties of panels change with
use. Reference panels are generally not
commercially available; hence, most users
are forced to construct their own. Conse-
quently, panel calibration becomes a fac-
tor of considerable importance when
bidirectional reflectance-factor measure-
ments are to be compared for different
times and different surfaces.

As with panel construction, panel
calibration services are difficult to obtain.
Thus, researchers at field stations may be
able to construct a reference panel, but
may not have the resources to calibrate it
adequately. Furthermore, if a laboratory
can be located that will calibrate a panel,
the instruments used will not be the same
as used in the field. As an example, a
laboratory calibration procedure may use
light from a standard tungsten lamp at a
known distance and incident normally to
the panel. The reflected beam may be
measured by a radiometer or a spectro-
photometer having a 1° field of view, and
a spectral bandwidth of a few nanome-
ters. The panel may subsequently be used
in the field with the sun and sky as light
sources and a relatively wide-band radi-
ometer (with say, the Thematic Mapper
bands) having a 15° field of view, as the
measuring instrument. The precise
laboratory calibration will not apply ex-
actly in the field under these different
measurement conditions.

The calibration of a reference-reflec-
tance panel consists of determining the
functional relationship of the reflectance
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factor to the view /irradiance angle, and
the comparison of the radiance from the
panel to the radiance from a standard
surface for a specified view /irradiance
angle combination. The standard surface
should be a National Bureau of Standards
Certified Standard Reference Material, or
a surface of pressed BaSO, or pressed
halon constructed according to NBS
specifications (Weidner and Hsia, 1981).

Our objective is to describe how refer-
ence reflectance panels can be calibrated
using the sun as the radiation source and
a pressed-halon standard (constructed lo-
cally), with the same radiometer that is to
be used subsequently for field reflec-
tance-factor measurements as the measur-
ing instrument.

Reflectance-Factor
Relationships and Nomenclature

The bidirectional-reflectance factor
R(6,, ;; 0,, ¢,) is specified by the angles
of the incident (i) and reflected (r)
beams, and the zenithal (6) and azimuthal
(¢) directions (Robinson and Biehl, 1979).
For many reflectance-factor measure-
ments of surfaces and reference panels,
the radiometers are directed normal to
the surface (zero view angle). Reference
panels are generally considered azimuth-
ally isotropic. In this paper, we will adopt
the nomenclature of Hsia and Weidner
(1981), and define the bidirectional-
reflectance factor as R(0°/6), and, in
accordance with Hsia and Weidner, call
the term the directional /directional re-
flectance factor, with the view direction
set at 0°. Because of its incidence-angle
dependence, R(0°/0) is significantly af-
fected by the non-lambertian properties
of reference panels.
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For the case of irradiance from a hemi-
sphere being reflected from a panel to a
sensor at nadir (or the opposite configura-
tion), we have the directional /hemi-
spherical reflectance factor, R(8/h). The
factor R(8/h) is considerably less sensi-
tive to incidence-angle changes than is
R(0°/8). Data of Weidner and Hsia
(1981) indicate that R(8/h) changes less
than 0.3% for the range 0° < §, < 75°, for
wavelengths from 0.45 to 0.75 pm. For
practical purposes, R(6°/h) = R(0°/h).
This term can be measured with an in-
tegrating-sphere spectrophotometer sys-
tem such as that described by Zerlaut
and Anderson (1981). In their system,
monochromatic light is directed toward a
target at an angle of 20°. Little error is
involved in equating R(0°/h) and
R(20° /h).

According to the Helmholtz reciprocity
principle, R(0°/6) = R(8/0°), and
R(0°/h) = R(h/0°). Thus, the view and
irradiance angles can be interchanged.

For azimuthally uniform reference
panels, the relationship between R(0°/8)
and R(0°/h) is

R(0°/h) = 2/7/2R(O°/0)cos Osinfda.
0
(1)

When R(0°/6) is approximated by a
polynomial in 6, Eq. (1) can be integrated
and the result written as a summation,
i. e,

n

R(0°/h)=2} b, 2)

j=0

where b; are coefficients of the poly-
nomial and I, = 7/201sin 6 cos 6 d@, with
values of the integrals (for j = 0-3) being,
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I, = 0.50000, I,=0.39270, I, = 0.36685,
I, =0.37990 (Hsia and Weidner, 1981).
Since R(0°/0) is to be evaluated, it
must be expressed in terms of measurable
quantities. The radiance reflected from a
surface is proportional to the reflectance
factor of the surface. Futhermore, the
radiance received by a radiometer having
a linear response, and viewing the surface
from above, is proportional to the voltage
response (V') of the radiometer. Thus,

R(0°/60) = AV/cos6,= AV(0°/6). (3)

Here A= K/E, where K includes the
calibration constant of the radiometer and
E is the direct irradiance on the panel.
Dividing the voltage response V by cos 6,
normalizes the response to that which
would obtain at zero incidence angle.
Substituting Eq. (3) into Eq. (1) yields

R(0°/h) = 2Afﬂ/2V(O°/0)cos fsin6dé.
0
(4)

If V(0°/8) is approximated by a poly-
nomial in 8, then Eq. (2) becomes

n

R(0°/h)=2A ) b1

iti

(5)

j=0

where b, are now the coefficients of the
polynomial that relates the voltage re-
sponse to 6.

V(0°/8) can be evaluated with a go-
niometer and, if R(0°/h) is known (its
evaluation is discussed in the following
section), A is calculated using Eq. (5).
The directional /directional reflectance
factor is calculated as a function of solar
zenith angle using Eq. (3).
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Experimental Methods and Procedures

The evaluation of R(0°/6) requires a
radiometer, a reflectance standard of suf-
ficient size to be used in field measure-
ments, and a goniometer by which a ref-
erence panel can be positioned at a known
incidence angle from the sun. The major-
ity of the measurements reported here
were made with a Barnes Modular Multi-
spectral Radiometer (MMR).! This radi-
ometer has eight bands, seven of which
are similar to the seven Thematic Mapper
(TM) bands. MMR bands 1-4 and 7 are
similar to TM bands 1-4 and 7. MMR
band 5 (1.15-1.3 pm) has no TM coun-
terpart. MMR band' 6 is similar to TM
band 5. Nominal wavelength intervals for
the MMR bands are: 1) 0.45-0.52 pm; 2)
0.52-0.60 pm; 3) 0.63-0.69 pm; 4)
0.76-0.90 pm; 5) 1.15-1.30 pm; 6)
1.55-1.75 pm; 7) 2.05-2.30 pm.

Pressed-halon standard

The National Bureau of Standards de-
veloped a procedure for the preparation
of a standard of diffuse reflectance by
pressing polytetrafluoroethylene (halon)
powder to a prescribed density (Weidner
and Hsia, 1981). The procedure requires
no specialized equipment or materials
other than commercially available halon
powder.

We constructed a 55.8X55.8X1 cm
pressed-halon standard following the pro-
cedures outlined by Weidner and Hsia
(1981) with the exception of size, our
standard being considerably larger than
those constructed for laboratory use. A

!Trade names and company names are included for
the convenience of the reader and imply no endorsement
by the U.S. Department of Agriculture or the University
of Arizona.
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55.8 X 55.8 X 2.54 c¢m iron press plate was
capped with a 0.32 cm thick stainless-steel
plate that had been sandblasted to
roughen the surface. Halon powder was
prepared in a stainless steel blender and
3.12 kg were placed into the holder (with
4 cm side extensions). The powder was
pressed to a height of 1 cm, yielding an
average density of 1.0 gcm 2.

Weidner et al. (1985) reported the re-
sults of two experiments in which differ-
ent laboratories prepared samples of
pressed halon and returned them to the
NBS for analysis. They concluded that,
with proper preparation, standards could
be made that are reproducible to within
+0.005 in reflectance for the 0.3-2.0-um
spectral interval and +0.01 for the
2.0-2.5-um interval. The greatest dif-
ferences were from samples that deviated
considerably from the prescribed density
of 1.0 gem ™3,

R(0° /h; \) data for pressed halon over
the spectral range 0.2-2.5 pm are given
in Fig. 1 (from Table 3, Weidner and
Hsia, 1981). Values of R(0°/h), for seven
MMR bandwidths were obtained by in-
tegrating the product of the radio-
meter response function RRF(A) and
R(0° /h; \) divided by the integral of the
response function, over the wavelength
interval for band i, that is, R(0°/h),=
JRRF(A)-R(0°/h; A\) dX\ //RRF(A) dA.
Subsequent use of the term R(0°/h) will
signify the integrated value over the
wavelength interval.

For MMR bands 1-4, R(0°/h)=
0.994, and for bands 5-7, R(0°/h)=
0.993, 0.991, and 0.971, respectively, ob-
tained from the data of Weidner and Hsia
(1981). An advantage of the fact that
R(0°/h;\) for pressed halon changes
very little with wavelength is that the
radiometer response functions do not need
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FIGURE 1.

Reflectance spectra for pressed polytetrafluoroethylene

powder (after Weidner and Hsia, 1981).

to be accurately known to obtain
R(0°/h) for each wavelength interval of
the radiometer.

Field goniometer

The first step in obtaining R(0° /) for
a reference panel is to evaluate its non-
lambertian properties over a range of
sun /panel incidence angles. A field go-
niometer and its operation are described
in the following sections

Apparatus. The field goniometer
consists of a table (to hold the reference
panel) fastened to a frame that allows
zenithal movement of the table. In turn,
the frame is fastened to a wheel assembly
that turns azimuthally. An arm extends
from the back of the table upward about
1 m, then forward towards the center of
the table. A radiometer is positioned at
the end of the arm about 1 m above the
table with the view angle always held
normal to the reference panel. The table
can hold reference panels up to 1.2 m on
a side.

A particular incidence angle for the
solar beam striking the panel is obtained

by setting a pointer to a particular angle
on a 90° protractor. The pointer is paral-
lel to a tube that allows a beam of sunlight
to pass through a small (2 mm) hole in
the forward end of the tube. The table is
moved in zenith and azimuth until the
sunbeam is aligned with crossed lines
etched on a clear plastic plate on the rear
of the tube. The crossed lines and the
sunbeam are observed on an adjustable
metal plate held a few cm from the end
of the tube. When aligned, the incidence
angle of the solar beam on the panel is
known.

Procedure. In practice, the pointer is
first set at 15°. Incidence angles less than
15° cannot be obtained because the radi-
ometer then shades part of the panel,
thus negating the measurement. After ad-
justing the table until the sunlight passing
through the tube is aligned with the
crossed lines, a measurement sequence
(to be discussed in the subsequent para-
graph) is initiated. The pointer is then set
to the next desired angle and the mea-
surement sequence repeated. Measure-
ments are made in approximately 10°
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increments to about 75°. Beyond 75° the
required accuracy of the incidence angle
exceeds the capability of the apparatus.
After completing the 75° measurement,
the sequence is immediately repeated but
in reverse order, a necessary procedure to
minimize the effect of changing solar
irradiance during the course of the mea-
surements.

For making directional-directional re-
flectance-factor measurements, we are
concerned only with the direct solar beam
and need to remove the diffuse sky radia-

tion from the data. This is accomplished

by alternately shading and exposing the
panel to the total sun—sky irradiance, and
subtracting the diffuse (shaded) compo-
nent from the total. To shade the panel,
the direct beam is blocked by an opaque
plate slightly larger than the reference
panel, held on the end of a 3.5-m pole.
This obstructs a 0.1-sr solid angle, or about
1.6% of the hemisphere above the panel.
Because of the constantly changing solar

2.5 . :
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angle, two shaded measurements are
made bracketing a sunlit measurement.
The two diffuse measurements are aver-
aged and subtracted from the sunlit mea-
surement. The measurement time is
recorded as the time of the sunlit mea-
surement.

To partially compensate for the small
portion (about 1.6%) of the sky that is
blocked by the shading plate, the plate is
held upright but just to the side during
the sunlit measurements, blocking ap-
proximately the same portion of the sky.
Because diffuse radiation is greatest near
the sun, this compensation is only partial.

The voltage output from each channel
of the radiometer, recorded by a portable
data acquisition system, decreases with
increasing incidence angle. The purpose
of repeating the measurements after
reaching the largest incidence angle is to
minimize the effect of changing sun an-
gle. Figure 2 shows a plot of output volt-
age for one channel as a function of time.

2_

OUTPUT (V)

0 N
8.7 8.8

8.9 9 9.1

TIME OF DAY

FIGURE 2. Radiometer response at nine incidence angles as a
function of time (h). The open circles result from averaging the time

and voltage response at each incidence angle. When the dashed lines

connecting the open circles are straight and vertical, the data can be
considered to be taken at a constant solar irradiance.
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The starting and ending solar zenith an-
gles are given in the upper left and upper
right portions of the graph. The incidence
angles are shown next to the ascending
data points on the right. The open circles
represent the average of the two voltage
readings (total-diffuse) plotted at the
average time for the measurements. The
dashed lines connecting the data points
are all nearly vertical, which demon-
strates that the average of the two mea-
surements corresponds to very nearly the
same solar zenith angle for all incidence
angles. Thus, the requirement that the
irradiance of the panel during the course
of the measurements be constant can be
sufficiently met with this procedure.

To evaluate V(0°/8), the data repre-
sented by the open circles in Fig. 2 were
divided by the cosine of the angle of
incidence for each measurement, and
normalized by dividing by the value at
the lowest incidence angle (15°). Next, a
third-order polynomial was fit to each set
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of data, yielding coefficients that can be
expressed as

3
V(0°/8)= ) b,61.
j=0

(6)

An example of the result is plotted in
Fig. 3 for a BaSO, panel. The symbols
represent measured data and the lines the
polynomial fit to the data. In this exam-
ple, the correlation coefficients for the
seven bands were all between 0.9965 and
0.9980.

A calibration run consisted of measur-
ing V(0°/8), for each panel and
V(0°/8),, for the pressed-halon stan-
dard, using the goniometer. About 15 min
were required to obtain data at eight or
nine incidence angles for both increasing
and decreasing angles (Fig. 2). After
completion of the V(0°/6) measure-
ments, the voltage-response ratio for each
panel to the standard (V,/V,,) was de-
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FIGURE 3. Voltage response divided by cos 8, and normalized by the response at
6, =15°. Lines represent a statistical fit of a third order polynomial. Symbols
indicate data for 7 MMR bands: (O) band 1; () band 2; (a) band 3; (O) band 4;

(m) band 5; (@) band 6; (a) band 7.
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termined. This was accomplished by fix-
ing the goniometer table in a horizontal
position with the radiometer viewing from
zero to zenith. A panel was placed on the
table and three radiometer readings re-
corded. All other panels, and the
pressed-halon standard, were sequentially
(in predetermined order) placed on the
table and the radiometer response re-
corded. After the last measurement, the
sequence was repeated, but in reverse
order. The two sets of six readings per
panel were averaged, thus minimizing the
effect of changing solar irradiance in the
same manner as were the goniometer
measurements of V(0°/0) (Fig. 2). The
average solar zenith angle during the
measurement was recorded. The ratio of
the voltage response for a particular panel
to the voltage response of the halon
standard (V, /V,,,) was formed for each
panel.

Using published values of R(0°/h) for
the halon standard (Weidner and Hisia,
1981) and the measured V(0°/8),, the
value of A for the standard (Ay) was
obtained from Eq. (5). Then the reflec-
tance factor for the halon standard at the
solar zenith angle corresponding to the
time that the comparison measurements
(V,/ Vyq) were made was calculated, i. e.,

R(Oo/oz)std = Astd'V(Oo/az)std‘ (7)

The reflectance factor for a panel at the
particular 6, is
R(Oo/oz)p = R(Oo/az)std .Vp/‘]std' (8)

Using Eq. (3), the A value for a panel
(A,)is

A,=R(0°/6.),/V(0°/8,),. (9)
With A and V(0°/6), known from the

R. D. JACKSON ET AL.

measurements, Eq. (3) can be used to
determine R(0°/#),, the directional-
directional reflectance factor for the
panel.

Reproducibility of
Reflectance Measurements

Seven measurements of V(0°/8) for
the pressed-halon standard were made on
three days over a period of a week. Val-
ues of A, were calculated for each mea-
surement set. Using Eq. (3), R(0°/8)
values were calculated at 1° increments
from 15° to 75° for each of the seven
measurements. The mean value was
calculated for each increment and the
maximum difference from the mean
plotted as a function of incidence angle
(Fig. 4). For incidence angles from 20° to
70°, the range of differences from the
mean for the seven measurements was
+0.2%. The differences increased to
+0.5% at the extremes (15° and 75°).
These results demonstrate the precision
of the method.

The absolute reflectance values of our
pressed-halon standard are based on the
applicability of the R(6°/h) data of
Weidner and Hsia (1981). Two possibili-
ties for error are improper construction of
the standard and contamination of the
surface. If a standard is to be used in the
field, contamination by dust must be ex-
pected. We used the standard on three
occasions, the last being 2 weeks after it
was constructed.

About 4 weeks after construction, the
standard was compared with a smaller
(10 cm diameter) halon panel constructed
at the Optical Sciences Center at the
University of Arizona. The smaller panel
was pressed 2 days before the compari-
son. A 1° FOV radiometer alternately
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FIGURE 4. Maximum difference from the mean of seven measurements
of R(0°/8) for a pressed-halon standard.

measured the two halon panels that were
illuminated by sunlight. The radiometer
filters, of 20 nm bandwidth, were
centered on 0.450, 0.500, 0.550, 0.650,
0.750, and 0.850 pm. Ratios of the radi-
ometer readings over the field standard to
the freshly pressed small standard are
presented in Table 1 for the six wave-
length intervals. The greatest difference

between the two standards was at 0.450
pm. This difference, 1.01%, decreased
with increasing wavelength. At 0.850 pm
the difference was 0.1%. These dif-
ferences are consistent with the fact that
dust contamination usually causes a
greater decrease in reflectance at the
shorter wavelengths than at the longer
wavelengths. Since some contamination
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TABLE 1 Ratios of Radiometer Readings over the Large Field Halon Standard to the Freshly

Pressed Small Standard for Six Wavelengths

0.450 0.500
0.989 0.992

WAVELENGTH (p1m)
Ratio

0.550
0.993

0.650
0.997

0.750
0.998

0.850
0.999

undoubtedly occurred during the field ex-
posure, we attribute the difference in re-
flectance of the two standards to con-
tamination and conclude that the large
panel was constructed substantially in line
with NBS recommendations and that the
R(0°/h) values of Weidner and Hsia
(1981) were applicable.

BaSO, and Painted Halon Panels

Four reference panels, three painted
BaSO, and one painted halon, were
calibrated using the procedure described
above. Two of the painted BaSO, panels
were constructed at the University of
Arizona by the same person at the same
time. These panels were numbered 10
and 11 for identification purposes. The
third BaSO, panel (#12) was constructed
at Colorado State University. The proce-

dures used in painting the three BaSO,
panels were similar to the procedure de-
veloped at the Laboratory for Appli-
cations of Remote Sensing, Purdue Uni-
versity, by Robinson and Biehl (1979).
The painted halon panel (#3), was con-
structed at the Goddard Space Flight
Center, Greenbelt, MD, using the proce-
dure of Schutt et al. (1981).

Values of R(0°/8) for BaSO, panel
#11 for the seven reflective bands of the
MMR for incidence angles ranging from
15° to 75° are shown in Fig. 5. Reflec-
tance factors for all seven bands decrease
with increasing incidence angle. The blue
and green bands (1 and 2) have essen-
tially the same reflectance values, whereas
reflectance decreases with increasing
wavelength for the remaining five bands.
MMR band 7 (=TM band 7) has the
lowest reflectance values, being about 0.7.
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Z
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0.6 1 1 1 1 i 1 ] H
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40 50 60 70 80 90
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FIGURE 5. Reflectance factor values for a painted BaSO, panel
calibrated with reference to a pressed-halon standard. Numbers at the
end of the lines indicate the band number of the MMR radiometer.
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factors for four reference panels.

MMR band 3 (=TM band 3) reflec-
tance factors for three BaSO, and a
painted halon panel are compared in Fig.
6. BaSO, panels #10 and #11 are slightly
different, with #11 having a lower reflec-
tance than #10 at low incidence angles
and higher at the high angles. Reflec-
tance of the painted halon panel (#3) is
very close to that of panel #10 at low
angles, but falls below values for both

#10 and #11 at higher angles. Reflec-
tance values for BaSO, panel #12 are
considerably different than for the other
three. They are higher at low angles but
decrease rapidly with increasing inci-
dence angles.

A similar comparison between panels,
but this time for MMR band 6 ( =TM
band 5) is shown in Fig. 7. For this band,
reflectance values for panels #10 and #11
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are distinctly different with #10 being
higher than #11 at all incidence angles.
Furthermore, the reflectances are near
0.8 for this band whereas they were > 0.9
for band 3. In contrast, the painted halon
(#3) reflectances for MMR band 6 de-
creased only a few percent from those for
band 3. BaSO, panel #12 decreased with
increasing angle but not as drastically as
for band 3.

Panels #10 and #11 were constructed
by the same person at the same time
using the same technique, yet reflectance
differences are observable. Panel #12,
constructed at another location but gen-
erally following the same procedure, had
drastically different reflectance values.
The painted halon panel, although similar
to #10 and #11 in band 3, had consider-
ably higher reflectance values at the
longer wavelengths. These results clearly
demonstrate the need for careful refer-
ence-panel calibration.

Cross Calibrations

If a calibrated panel is available, but no
field goniometer, calibration of other pan-
els can be accomplished by placing them
in relatively close proximity, at the same
height above the ground, and alternately
placing a radiometer over the panels and
recording the response. For a particular
sun angle, the reflectance of the calibrated
panel can be calculated [Eq. (7)] and the
reflectance of the uncalibrated panels
calculated by multiplying this reflectance
by the ratio of the radiometer voltage
response of the uncalibrated to the
calibrated panel [Eq. (8)]. If this were
done at a number of sun angles, and a
polynomial equation fit to the data, a
relationship between the reflectance fac-
tor and the sun zenith angle for the panel
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could be obtained. This procedure should
yield reasonable calibration equations for
each panel. However, if the reference
panel had been calibrated using the tech-
nique described in this report, i.e., with
the diffuse sky radiation subtracted from
the total, a shading procedure should be
used to minimize the effect of diffuse
irradiance on the evaluation of R(0°/6,)
for the calibrated panel.

Influence of Diffuse Irradiance

Measurements of reflectance factors of
targets in the field are usually made un-
der conditions of total (direct and diffuse)
irradiance. The target reflectance factor
(R,) is obtained by ratioing the voltage
response of the target and the panel
(V,/V,) and multiplying by the panel
reflectance factor [R(0°/6,)]. The direct
irradiance strikes the panel at an angle
6., for which the solar zenith dependent
R(0° /) can be calculated. However, the
source of diffuse irradiance is the hemi-
spherical sky above the panel. The non-
isotropic nature of diffuse irradiance and
the non-lambertian properties of the
panel cause the radiance received by a
radiometer to be dependent on the solar
zenith angle also, but in a considerably
different manner than for the direct-
irradiance case. Therefore, R(0°/8) de-
termined for direct irradiance will not
account completely for the diffuse com-
ponent, and R,, determined under total
irradiance conditions, will be in error.

The magnitude of the error caused by
the nonisotropic diffuse irradiance on re-
flectance-factor measurements is difficult
to evaluate. The results of Robinson and
Biehl (1979), Kimes and Kirchner (1982),
and Che et al. (1985) suggest that the
error is larger for hazy than for clear
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atmospheric conditions, that it decreases
with increasing wavelength, and that it is
dependent on the solar zenith angle. For
reference reflectance panels, we estimate
the error to range from 0 to 3%, depend-
ing on the various conditions. Improved
estimates of the error could be obtained
from detailed studies using sophisticated
atmospheric models to assess the noniso-
tropic nature of the diffuse component.

Concluding Remarks

The range of differences from the mean
of seven measurements of V(0°/6) for
the pressed-halon standard was +0.2%
for incidence angles ranging from 20° to
70°. It is reasonable to assume that the
same precision can be obtained for
V(0°/8) of the referance panels. Consid-
ering the various factors, it is our opinion
that the accuracy of the method is on the
order of 1%, although this is difficult to
verify.

Major advantages of the technique for
reference-panel calibration described here
over conventional laboratory calibration
methods are, first, that the irradiance and
viewing geometry is the same as is used
in field measurements and, second, that
the equipment and facilities needed are
available or can be constructed at many
field research stations. Halon powder is
commercially available, and the necessary
tools to construct a pressed-halon stan-
dard can usually be obtained. A disad-
vantage of the technique is that the sky
must be sufficiently cloud-free that sky
irradiance changes are minimal during
the measurement period. This require-
ment can be restrictive during long peri-
ods of cloudy weather.

Reflectance factors for panels con-
structed by the same person at the same

157

time may differ. Panels constructed by
different people following the same gen-
eral procedure may differ considerably.
Furthermore, the reflectance characteris-
tics of a panel will change with use. It is
evident that accurate field reflectance-
factor data can only be obtained if
calibrated reference panels are used. The
results presented in this report demon-
strate the need for careful panel calibra-
tion.

When precise reflectancefactor data
are necessary, as in the case of in-flight
calibration of satellite sensors, the effect
of diffuse irradiance on reflectance-factor
measurements should not be ignored.
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